The conversion of carbon dioxide into important industrial feedstock is a subject of growing interest in modern society. A possible way to achieve this goal is by carrying out the CO 2 /methanol cascade reaction, allowing the recycle of CO 2 using either chemical catalysts or enzymes. Efficient and selective reactions can be performed by enzymes; however, due to their low stability, immobilization protocols are required to improve their performance. The cascade reaction to reduce carbon dioxide into methanol has been explored by the authors, using, sequentially, alcohol dehydrogenase (ADH), formaldehyde dehydrogenase (FalDH), and formate dehydrogenase (FDH), powered by NAD + /NADH and glutamate dehydrogenase (GDH) as the co-enzyme regenerating system. All the enzymes have been immobilized on functionalized magnetite nanoparticles, and their reactions investigated separately in order to establish the best performance conditions. Although the stepwise scheme led to only 2.3% yield of methanol per NADH; in a batch system under CO 2 pressure, the combination of the four immobilized enzymes increased the methanol yield by 64 fold. The studies indicated a successful regeneration of NADH in situ, envisaging a real possibility of using immobilized enzymes to perform the cascade CO 2 -methanol reaction.
INTRODUCTION

CARBON DIOXIDE-METHANOL CYCLE
Biological evolution required the use of carbon dioxide as a carbon source to construct important natural building blocks, compelling the employment of natural catalysts,-the enzymes (Emsley 2011, Smith and Morowitz 2016) . They are specific, efficient and essential for life on earth (Ermler 1998 , Lehninger 2006 , and participate in most of the biological pathways, including the Calvin cycle, reductive citric acid cycle, reductive acetylCoA route and dicarboxylate/4-hydroxybutyrate cycle. All such cycles depend on specific enzymatic systems (Buchanan and Arnon 1990 , Fridlyand and Scheibe 1999 , Ragsdale 1991 , Ducat and Silver 2012 , Shi et al. 2015 .
Nowadays, carbon dioxide is perhaps the target molecule of mankind, and different technologies to perform the CO 2 -methanol cycle have been developed, including chemical (Ganesh 2014) and enzymatic routes (Sultana et al. 2016) . The growing interest on CO 2 transformation into important starting feedstock in the chemical industries has arisen due to the negative environmental prospects of fossil fuels use (Liu et al. 2015) . For instance, carbon dioxide has been announced as one of the most important greenhouse gases responsible for global warming, and the use of fossil fuels resources (oil, natural gas, coal) has a negative impact on the environment due to high concentrations of carboncontaining products managed by the modern society. These prospects escalated the search of catalysts capable of converting renewable sources into industrial feedstock (Huff and Sanford 2011) . In this sense, nature´s catalysts are the best candidates for developing artificial biological routes toward carbon dioxide reduction (Shi et al. 2015) .
The CO 2 -methanol catalytic cycle is perhaps the most important artificial biological route deserving investments, considering that CO 2 recycling into methanol represents a renewable and environmental friendly alternative to the fossil fuels, providing a feedstock to the chemical industry. Encompassing the perspectives of artificial photosynthesis, this cycle can be performed by a cascade reaction involving the enzymes formate dehydrogenase (FDH), formaldehyde dehydrogenase (FalDH) and alcohol dehydrogenase (ADH). A fourth enzyme capable of reducing NAD + to NADH, is also required for regenerating the system, providing a positive feedback (Luo et al. 2015 , Cazelles et al. 2013 , Sultana et al. 2016 . Despite the existing efforts in this area, the conversion of CO 2 into methanol is still a big challenge, since it involves the transfer of 6-electrons and 6-protons in the whole process, whereas most typical catalytic systems produce only formic acid or CO in a 2-electron, 2-proton process, while very often stopping the reduction at this point (Shen et al. 2015 , Sasayama et al. 2016 . In multi-enzymatic systems, even when formate is reduced to formaldehyde, a further reduction to methanol in water is hindered by the equilibrium between formaldehyde and methane diol. This can limit the formaldehyde reduction to methanol, turning dehydration the rate-limiting step in the overall reaction (Ma et al. 2016) . On the other hand, formaldehyde is an enzyme inhibitor, and its accumulation in the system is not desirable (Teng et al. 2001) . Moreover, the CO 2 -methanol cycle can also be limited by the methanol concentration in solution, since it has been shown that at a molar ratio of methanol to total volume of reaction higher than 1.5, the activity of some enzymes may be inhibited (Jeon and Yeom 2011) .
ENZYME IMMOBILIZATION
Because of their specific molecular structures, enzymes are very dependent on the interaction with the substrate and cofactors, and their active or binding sites are very sensitive to the size, shape, charge and local hydrophobic/hydrophilic features (Yon et al. 1998) . Their catalytic activity is related to the stabilization of the transition state involved in the reaction, and depends upon the specific interaction with the substrate, as proposed by Emil Fisher in 1894 (Fisher 1894) in terms of a rigid key-lock scheme. Another point of view has been described (Koshland 1958) , considering a more flexible association, allowing discrete and reversible conformational changes of the enzyme (Koshland 1968 , Thoma and Koshland 1960 , Eisenmesser et al. 2002 . In the absence of substrate, some enzymes can have an open form, but in its presence, a closed conformation is induced in order to prevent the substrate escape, thus enhancing the catalysis (Buchachenko and Kuznetsov 2008) . Conditional factors, such as pH, temperature and ionic strength, can promote enzyme conformational changes, improving or depleting the catalysis (Eichwald and Walleczek 1998, Joshi et al. 2000) .
In most industrial applications, the fragile nature of enzymes requires the enzyme immobilization, or its physical confinement, but without blocking their catalytic activities. Enzyme immobilization may be accompanied by structural changes influencing its activity (Kim et al. 2006 , Sharma et al. 2007 , Ge et al. 2009 ). For this reason, immobilization requires a careful methodology optimization for keeping or eventually improving the enzyme activity, and also for increasing the stability and allowing recycling. It should be noticed that enzyme immobilization can also afford protection against autolysis, proteolysis and aggregation effects. Among other advantages, immobilization greatly simplifies the reactor design, and provides an effective way to stop the reaction, e. g. by removing the enzyme (Mateo et al. 2007) .
Two main immobilization methodologies can be highlighted: the reversible and the irreversible one. Irreversible immobilization can prevent the enzyme leaching from the support, however it should be mentioned that when the activity is lost, the support should be discarded with the enzyme, whereas in the case of a reversible immobilization the regeneration of the support can be feasible. Covalent bonding between the enzyme and support is usually employed in the irreversible methodology. For instance, coupling reactions can be performed using reactive groups such as amines, carboxylates and thiols. Carboxylic groups can be activated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, or EDC (Kondo and Fukuda 1997) in order to bind amines, yielding stable amide bonds linking the enzyme to the support (Bílková et al. 2002 , Hong et al. 2007 , Demirel et al. 2004 , Demirel and Mutlu 2005 , Zeng et al. 2006 , Guo et al. 2003 , Iman et al. 1992 , Pan et al. 2009 ). Amine groups can be linked by means of glutaraldehyde, forming imine bonds, which can further be reduced with NaBH 4 .
Reversible immobilization generally involves the direct adsorption of the enzyme to the support surface, by means of hydrogen bonding, van der Waals forces, electrostatic and hydrophobic interactions. Adsorption decreases the free energy by means of the entropic effect, but it is influenced by pH, ionic strength, temperature and solvent polarity (Öztürk et al. 2007 , Valdés-Solís et al. 2009 ). Metal chelation can also be employed for a reversible immobilization, by connecting specific groups on the support and enzymes based on their coordination to suitable metal ions such as Cu(II) or Ni(II) (Bayramoglu et al. 2010 , Wang et al. 2007 , Akgöl and Denizli 2004 .
The optimization of the immobilization procedures also depends on the nature of the support. Among the several existing supports, a very special one is provided by superparamagnetic nanoparticles (Andrade et al. 2010 , Netto et al. 2013 , Toma 2013 , 2015 . They exhibit very large magnetic moments, behaving as giant paramagnetic atoms. Their response to an applied magnetic field is very fast, without keeping any memory (hysteresis) due to their isotropic, nanometric structures. The particles also exhibit a large surface area and a high mass transference associated with their great mobility in solution. In addition, superparamagnetic nanoparticles can be easily recovered by using an external magnet, providing a simple and rather convenient enzyme recycling and processing strategy.
The most commonly employed magnetic support is magnetite, but maghemite, and some other ferrites can also be used in the immobilization of proteins. Magnetite has a particularly high saturation magnetization (92 emu g -1 ), but it should be noticed that when the particles are smaller than 8 nm, it can be difficult to protect against oxidation in the normal atmosphere because of their very large area, yielding frequently a mixtures of oxides with smaller crystallinity and poor magnetization response. Although the direct use of freshly made magnetite as support is relatively common, surface modification should be pursued to control the interaction between the magnetic core and the environment, improving the stability and reactivity. One can say that for every particular enzyme there will be an ideal support, however, the best choice is actually very difficult to predict. In some cases, a large surface area may be the most important factor, however, it should be noticed that a high density of reactive groups with minimal steric hindrances will also facilitate and improve the association of the support with the enzyme. In this review article we focused on enzymatic immobilization to perform the conversion of carbon dioxide to methanol by using a sequential reduction catalysis involving FDH, FalDH and ADH enzymes immobilized on magnetic nanoparticles, and GDH as the enzyme responsible for accomplishing the NAD + /NADH cycle. Our current methodology requires the immobilization of the enzymes on different types of support to perform the reaction. In this regard, it should be noticed that two main immobilization methodologies are possible: co-immobilization and sequential immobilization. A low product inhibition of the enzymes may be observed in coimmobilization systems due to the intermediates consumption in situ, but the overall yield of methanol will not necessarily be improved since formaldehyde reduction can be delayed by the slow reaction from the first enzyme. On the other hand, sequential immobilization allows the optimization of the system for each enzyme separately, and eventually, the reaction can proceed by increasing the CO 2 pressure to overcome diffusion problems (Luo et al. 2015) . Figure 1 . In the case of amino functionalized supports, the enzyme immobilization has been performed using the amine-aldehyde cross-linking methodology in which APTS was bound to the enzyme via a glutaraldehyde reaction. Glyoxyl-agarose however, can be directly used to bind the enzyme.
After immobilization, the systems have been evaluated in terms of activity/stability for each support, in comparison with the free enzyme, by applying an external magnetic field, either to analyze the solution content or to remove the product and add new reactants in a recycle study. It has been shown that every enzyme has a specific preference for an immobilization support, presumably because of the different conformations achieved upon attachment to each support. For instance, FDH exhibited best performance when immobilized onto MagNP-APTS, achieving higher thermal stability (60 °C, pH 7.5) and good recyclability in relation to the other supports, or to the free enzyme (Netto et al. 2012) . FalDH and ADH, on the other hand, exhibited best performance when immobilized onto MagNP@ SiO 2 -APTS, achieving higher scores for at their optimum pHs and temperatures, in relation to the respective free enzymes (Netto et al. 2015a ). For both enzymes (FalDH and ADH) the influence of the iron couple, [Fe(II)/Fe(III)], from the magnetic nanoparticles core could be a limiting factor, arising from the possible conformation changes induced by the interaction with such metal ions, or to the redox interference in the electron transfer process (Netto et al. 2011 (Netto et al. , 2015a .
However, in the case of the glutamate dehydrogenase (GDH) enzyme, which is a hexameric protein, the best performance has been observed with the MagNP-APTS/Glyoxyl-Agarose support, allowing a higher thermal stability (50°C, pH 7.5) and recyclability . Curiously, for this enzyme, the MagNP-APTS support seems to favor its unfolding, promoting an abnormal allosterism in presence of ADP, ATP and GTP. The influence of some iron coordination to the enzyme amino acids may also be possible in this case, by the lack of the silica coating, generating less stable enzymatic systems.
The comparison of the active sites of the enzymes showed that FalDH and ADH are metalloenzymes bearing a zinc coordination system involving at least one cysteine residue, as can be seen in Figure 3a and 3b. Cysteine is a key catalytic component for these enzymes and its oxidation can lead to metal release and enzyme inhibition, as already observed for ADH (Giles et al. 2003, Bühner and Sund 1969) . Taken into account that the cysteine redox potential in biological systems is between -270 mV and -125 mV (Jocelyn 1967) and that the Fe(III)/Fe(II) redox potential is 771 mV, it is plausible that when the surface iron ions become accessible, they can induce the oxidization of cysteine at the active site, inhibiting the enzyme activity. In contrast to the ADH and FalDH enzymes, FDH and GDH are not metal or cysteine dependent (Figure 3c and 3d) , thus explaining why MagNP-APTS is a good support for FDH.
Another relevant point to mention is the ensamble of probable states in the intrinsic disorder theory ). This theory is guided by entropic contributions to understand the protein dynamics, such as local unfolding, in order to achieve thermodynamic stability (Luque and Freire 2000) (Dyson and Wright 2002) . The immobilization behavior of GDH can be rationalized using this theory .
Agglomeration is another important point influencing the activity of immobilized enzymes. A possible influence can be the prevention of the dissociation of multimeric enzymes and the contact between the enzyme and its possible inhibitors; however, on the other hand, it can also affect the diffusion of substrate to the active sites, imparting negatively the catalysis. Depending on their nature, substrate, inhibitors or products can be attracted or repelled by the agglomerates, perturbing the immediate vicinity of the enzyme (Roig et al. 1987) . In our particular case, the supports used in the immobilization protocols bear amine groups (mostly in protonated form), and in this way they are prone to attract CO 2 , formaldehyde, methanol and formate species, enhancing the affinity towards the enzyme.
MERGING THE IMMOBILIZED ENZYMES IN CATALYSIS
Before setting the four immobilized enzymes together in a batch reaction, the best immobilization protocols for each specific enzyme should be previously investigated. Accordingly, the following binary or bi-enzymatic systems have been carefully evaluated: A) MagNP-APTS/FDH:MagNP-APTS/ Glyoxyl-Agarose/GDH; B) MagNP@SiO 2 -APTS/ FalDH:MagNP-APTS/Glyoxyl-Agarose/GDH and C) MagNP@SiO 2 -APTS/ADH:MagNP-APTS/ Glyoxyl-Agarose/GDH. This strategy is important to evaluate the influence and compatibility of the NAD + /NADH regeneration system with respect to the immobilized enzymes. In this way, it was found that the three investigated binary enzymatic systems are compatible with the MagNP-APTS/ Glyoxyl-Agarose/GDH system employed for NAD + /NADH regeneration, showing maximum reaction yields up to 2 h. For illustration purposes, only the binary MagNP-APTS/FDH:MagNP-APTS/GlyoxylAgarose/GDH system will be depicted here. In this system, the amount of α-ketoglutarate formed during the CO 2 reduction to formic acid has been evaluated by a colorimetric ninhydrin assay. Different reaction pHs and temperatures have been investigated for this bi-enzymatic system and the best reaction conditions were pH 6.8 (0.1 M phosphate buffer) and 25 °C. Under such conditions, MagNP-APST/FDH system can accomplish its first cycle, giving NAD + , in 10 minutes, providing the substrate for MagNP-APTS/Glyoxyl-Agarose/ GDH in order to regenerate NADH. It has been bound that NAD + actually accumulates during the first 10 minutes of reaction (Figure 4) , whereas NADH synthesis requires additional 20 minutes to reach completion. Similar performance has been observed for the other bi-enzymatic systems. It should to mentioned that by the lack of the silica coating, exposed iron sites in the MagNP-APTS support could potentially destabilize GDH enzyme during the immobilization protocol, however this has not been observed. In addition, the MagNP-APTS/FDH system also did not inhibit the immobilized GDH enzume, thus ruling out any influence from the possible iron leaching from the nanoparticles to the environment. Based on these studies, it was shown that the proposed NAD + /NADH recycling system is compatible with the FDH, ADH and FalDH immobilized enzymes. Their concerted performance, however, involving cascade reactions can be planned according to two different methodologies: sequential reaction ( Figure 5a ) and batch multienzymatic reaction (Figure 2 ). For the sequential reaction, a previous CO 2 saturation of the buffer solution has been performed, but the overall methanol yield was 2.3% based on the NADH concentration. Such low yield could result from the CO 2 loss during the reaction or from the enzyme inhibition induced by the formic acid or formaldehyde products. The multienzymatic cascade batch reaction has been carried out in a pressure reactor, in order to prevent the CO 2 loss. The observed yields, around 5.2 mmol of methanol, corresponds to 147% based on NADH consumption (considering 3 mol of NADH are needed to obtain 1 mol of methanol). The optimum conditions for the multienzymatic cascade reaction were 25° C, pH 7.5, 126 psi of CO 2 and 30 minutes of reaction (Figure 5b ). It is interesting to note that when 11 mmol of NADH was added to the batch system, 5.2 mmol of methanol was generated from CO 2. Comparatively, without applying any NAD + /NADH regeneration system, it would be required 15.6 mmol of NADH. Therefore, a properly functioning NAD + /NADH regenerating system is esssential to improve the methanol yields. Another important aspect is that the multienzymatic system has been recycled four times, without considerable loss of its activity (Figure 5c ).
The electrocatalytical production of methanol from CO 2 reported in the literature (Addo et al. 2011), using formate, aldehyde, and alcohol dehydrogenases coupled to a poly(neutral red) electrode, indicated that the conversion of carbon dioxide to formate is the slowest step in the enzyme cascade. As a matter of fact, in our system, if only FDH, FalDH and ADH were taken into consideration, the FDH reaction would also be the rate determining step, since as soon as formic acid was formed (evidenced by NAD + concentration), formaldehyde and methanol were also produced ( Figure 5b ). However, we believe the reaction would be more efficient if GDH could reduce NAD + faster than it was observed ( Figure 5 ).
Unfortunately, the NAD + regenerating system based on immobilized GDH exhibits some drawbacks, such as the easy enzyme inactivation. As a matter of fact, a study employing GDH on polystyrene particles as support has achieved only 50% methanol conversion based on NADH (ElZahab et al. 2008) . In spite of this, after 11 successive cycles, the cumulative yield of methanol was 127%, approaching the yields obtained in our laboratory. However, when the authors attempted to use NAD + immobilization, the conversion dropped drastically to 5%, indicating some diffusional limitation of the redox process in the system Therefore, since the immobilized FDH, FalDH and ADH species exhibit outstanding stability and activity, the NAD + /NADH regeneration systems become a critical issue for improving the methanol synthesis. For this reason, several groups (Kuwabata et al. 1994 , Schlager et al. 2016 , Singh et al. 2017 , Dibenedetto et al. 2012 ) have been focusing their research at this front, using different strategies, such as a phosphite dehydrogenase (PTDH) system, a glycerol dehydrogenase system or a natural photosystem from spinach leaves (chloroplasts). The phosphite dehydrogenase system was the most efficient one, working at pH 7 and yielding 4.3 mmol (g commercial enzymatic powder ) −1 after 3 h reaction (Cazelles et al. 2013) .
In addition, different immobilization strategies have also been described in the literature, such as enzyme encapsulation (Xu et al. 2006 ), but showing lower yields in comparison with our methodology. Encapsulation of dehydrogenase enzymes in silica matrix exhibited methanol yields between 16.8% and 43.8%. If the gelation time was smaller than 60 seconds the methanol yield was much lower, as a result of the uneven distribution of the enzymes in the gel; however, at higher gelation times, 92% yield of methanol could be achieved (Jiang et al. 2003) .
The immobilization of the enzymes onto the magnetic nanoparticles does not suffer from the influence of gelation time, but it suffers from the influence of immobilization time, which is more correlated with the enzyme conformational changes than with the enzyme distribution on the support (Chang et al. 2008 , Imai et al. 1986 , Grazu et al. 2005 , Wu and Lia 2008 , Netto et al. 2012 .
In general, three-dimensional structural changes and possible diffusion resistance become critical issues to be observed in enzymatic systems. For instance, it has been shown that after modifying the ADH enzyme with polyethylene glycol (PEG), the enzyme activity and stability were substantially improved. This may be due to the effect exerted by PEG on the enzyme, protecting from the surrounding environment, although it has also been proposed that the PEG-modified ADH is more flexible than unmodified ADH ).
Supports such as titania ) and nanofibers (Ji et al. 2015) have also been employed, achieving 60% and 103.2% yield of methanol production, respectively. In the last example, a CO 2 hydration enzyme was also coupled for increasing the overall conversion.
Several other methodologies describing the enzymatic reduction of CO 2 to methanol can be found in the literature; however, none of them reports yields higher than 150%. For instance, when methanol dehydrogenase (MDH) and formate dehydrogenase were used in the electrolysis of CO 2 in a saturated buffer solution, the reported yield was only 45% (Kuwabata et al. 1993) . Some limitation in the CO 2 -methanol cycle has also been imputed to the formaldehyde accumulation at poisonous concentrations, influencing the other enzymatic systems.
Therefore, more efforts should be directed to the optimization of the artificial CO 2 -methanol conversion cycles, in order to enable their commercial use in the future. As a long-term goal, the immobilization strategy can also be extended to the production of molecules containing more carbon atoms, employing new appropriate enzymes, inspired on Nature's ability to generate more elaborate molecules rather than methanol.
CONCLUSIONS
Magnetic nanoparticles with different functionalization can be selectively employed for enzyme immobilization and applied to perform the CO 2 /methanol conversion cycle. In particular FalDH and ADH enzymes, which are metal and cysteine dependent, seem to be sensitive to the iron exposure at the surface, requiring the use of a silica protecting coating on the magnetic nanoparticles. In contrast, FDH, which is not prone to redox interferences, can exhibit good activity and stability even in the absence of the silica coating. GHD, on the other hand, when in the immobilized form, showed a good compatibility with the FalDH, ADH, and FDH enzymes, as a NAD + /NADH regenerating system. Unfortunately, however, the low conversion rates observed for this enzyme are yet a critical factor, decreasing the yields for the production of methanol from CO 2 . Fortunately, it has been shown that the overall reaction is not limited by the diffusion of the substrates, indicating that the enzyme immobilization procedure can be carried out effectively, even in separate. Actually, it becomes more effective than the co-immobilization strategy, allowing to explore conveniently the best enzyme performance associated with each specific support. Although the multienzymatic batch cascade reaction has presented a good conversion rates of CO 2 into methanol (147%), there is still plenty room for improvement, including the exploration of more efficient NAD + /NADH recovering systems.
At the present time, new promising methodologies are being pursued worldwide, with the hope of reaching a sustainable CO 2 /methanol conversion technology.
